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Cloning and sequencing of the Bet v 1-homologous allergen Fra a 1 in
strawberry (Fragaria ananassa) shows the presence of an intron and

little variability in amino acid sequence
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bstract

The Fra a 1 allergen in strawberry (Fragaria ananassa) is homologous to the major birch pollen allergen Bet v 1, which has numerous isoforms
iffering in terms of amino acid sequence and immunological impact. To map the extent of sequence differences in the Fra a 1 allergen, PCR
loning and sequencing was applied. Several genomic sequences of Fra a 1, with a length of either 584, 591 or 594 nucleotides, were obtained
rom three different strawberry varieties. All contained one intron, with the length of either 101 or 110 nucleotides. By sequencing 30 different
lones, eight different DNA sequences were obtained, giving in total five potential Fra a 1 protein isoforms, with high sequence similarity (>97%
equence identity) and only seven positions of amino acid variability, which were largely confirmed by mass spectrometry of expressed proteins. We
onclude that the sequence variability in the strawberry allergen Fra a 1 is small, within and between strawberry varieties, and that multiple spots,

reviously detected in 2DE, are presumably due to differences in post-translational modification rather than differences in amino acid sequence.
he most abundant Fra a 1 isoform sequence, recombinantly expressed in Escherichia coli after removal of the intron, was recognized by IgE from
trawberry allergic patients. It cross-reacted with antibodies to Bet v 1 and the homologous apple allergen Mal d 1 (61 and 78% sequence identity,
espectively), and will be used in further analyses of variation in Fra a 1-expression.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Food allergies increase, and are usually triggered by the pro-
ein components in food (Breiteneder and Ebner, 2000; Mills et
l., 2003). A small number of protein homologues are responsi-

le for the majority of the allergies, with birch pollen associated
ood allergy dominating in northern Europe (Aalberse et al.,
001; Vieths et al., 2002). Specific IgE antibodies, raised against

Abbreviations: 2DE, 2-dimensional polyacrylamide gel electrophoresis; pI,
soelectric point; rMa l d 1, recombinantly expressed Mal d 1; rBet v 1, recombi-
antly expressed Bet v 1; His-rFra a 1, His-tagged recombinantly expressed Fra
1; nFra a 1, native Fra a 1; Mal d 1, major allergen in apple (Malus domestica);
et v 1, major allergen in birch (Betula verrucosa) pollen; Fra a 1, major aller-
en in strawberry (Fragaria ananassa); EST, expressed sequence tag, partial
NA sequences obtained from cDNA; nt, nucleotide; MS, mass spectrometry;
S/MS, tandem MS
∗ Corresponding author. Tel.: +46 46 222 48 72; fax: +46 46 222 45 34.
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nhaled birch pollen proteins, subsequently may cross-react
ith homologous proteins after ingestion of fruit, berries and
egetables.

As a challenge from plant breeder’s point of view, it is
xpected that there is a biological variation in allergen con-
ent among fruit, berries and vegetables such that the allergenic
mpact may be different depending on variety (Hsieh et al., 1995;
ieths et al., 1994). Differences in allergenic impact between
arieties may be due to differences in the total amount of a par-
icular allergen protein, or to differences in allergen isoforms.
or the major birch pollen allergen, Bet v 1, there are 10 differ-
nt isoforms with amino acid sequence variability (Bet v1A-L,
80% sequence identity) which are different in IgE binding and
ffect on T-cells reactivity (Ferreira et al., 1996). In apple, there
re several isoforms of the Bet v 1-homologous major aller-

en Mal d 1, but so far it seems to be the total amount of Mal
1 rather than isoform variation that determines the allergenic

mpact (Marzban et al., 2005; Son et al., 1999). For cherry, it was
ecently described that the Bet v 1-homologous major allergen

d sequencing of the Bet v 1-homologous allergen Fra a 1 in straw-
ariability in amino acid sequence, Molecular Immunology (2006),
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ru av 1 appeared in five different spots in two-dimensional gel
lectrophoresis (2DE), with all five spots reacting with IgE from
herry-allergic patients (Reuter et al., 2005). However, whereas
our different isoforms of Pru av 1 were obtained by screening
cDNA library, all these four different isoforms obtained from

DNA were detected in all five spots in 2DE, thus no differences
ere found that could explain why Pru av 1 appears in the five
ifferent spots.

In strawberry (Fragaria ananassa) we have identified a Bet
1-homologous allergen, Fra a 1, utilizing IgE from patient

amples for detection and protein mass spectrometry for char-
cterization of the allergen (Karlsson et al., 2004). Furthermore,
roteins extracted from strawberry were resolved as 1000 dif-
erent spots in 2DE, with the Fra a 1 allergen detected in four
pots in the 20 kDa region between pI 5.7 and 6.0 (Hjernø et
l., 2006). However, when analyzing the spots by mass spec-
rometry, we could detect very little variation in the amino acid
equence of Fra a 1. We found a Al42S-substitution in one pep-
ide, and in a second peptide a L114V substitution, a G112
eletion and a V24L substitution, but as in the above-mentioned
herry study (Reuter et al., 2005), these variants were detected
n all spots, and none of these amino acid substitutions could
xplain a shift in pI. However, the total sequence coverage for
ra a 1 was only 75%, which leaves open a possibility that

here could be differences in amino acid sequence that could
xplain the shift in pI between the spots in the parts of the
mino acid sequence not covered by the mass spectrometric
nalysis.

To make an estimation of the amino acid sequence variabil-
ty by an independent method, we therefore designed primers,
ased on the partial sequence information obtained by mass
pectrometry and matching to EST-sequences (Hjernø et al.,
006), and here describe PCR-based cloning and sequencing
f the strawberry allergen Fra a 1. Several genomic sequences
ith a length of 584–594 nt were obtained, from three different

trawberry varieties, all containing one intron with the length
f 101 or 110 nt. In total, five potential Fra a 1 protein iso-
orms were suggested from sequencing 30 different clones. Only
even positions of variability were indicated in the deduced
mino acid sequence. For three of these both the alternative
mino acids are detected by mass spectrometry (Hjernø et al.,
006).

We conclude from cloning and sequencing, corroborated by
ass spectrometric analysis of expressed protein, that the amino

cid sequence variability in the strawberry allergen Fra a 1
s small, and that the appearance of multiple spots in 2DE is
ue not to differences in the amino acid sequence but rather to
ost-translational modification, the identity of which remains to
e determined. Another important conclusion is that the com-
arison of three different varieties of strawberry suggests that
ifferent varieties have similar, rather than different, setups of
llergen isoforms. We have also expressed the major Fra a 1
soform as recombinant protein in order to develop specific anti-

odies and affinity enrichment of native Fra a 1 protein directly
rom strawberry, to assess its variation, in different strawberry
arieties and growth conditions, in terms of quantity and post-
ranslational modification.
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. Materials and methods

.1. Cloning and DNA sequencing

Chromosomal DNA was isolated from leaves of three dif-
erent varieties of strawberry (Fragaria ananassa var. Korona,
ragaria ananassa var. Honeoye, and Fragaria ananassa var. X,
n unknown, locally available variety) according to the GenE-
ute Plant Genomic DNA Kit (Sigma, Steinheim, Germany) and
sed as template in PCR. The PCR program used was 95 ◦C
or 2 min (1 cycle); then 95 ◦C for 15 s, 53 ◦C for 30 s, 68 ◦C for
min (35 cycles) and finally 68 ◦C for 10 min (1 cycle). The reac-

ion mix (total volume of 30 �l) contained 1 U of AccuPrime Pfx
NA polymerase (Invitrogen, Carlsbad, USA) and 3 �l reaction
uffer, 0.3 �M of each primer (MWG-Biotech, Ebersberg, Ger-
any) and 2 �l of isolated genomic DNA solution. The primers

sed were attB1 1f (GGG GAC AAG TTT GTA CAA AAA
GC AGG CTC TTA TTT CTC AAA TGT CGT GAT CAT CAT
), attB2 1r (GGG GAC CAC TTT GTA CAA GAA AGC TGG
TG TAC TCA AAC ATC ATA TAG AGA A(A/C)G ATC AT).
he PCR-product was gel purified and cloned into a pDONR201
ector using BP reaction of GATEWAY (Invitrogen, Carlsbad,
SA) cloning method in accordance with the manufacturer’s

nstructions. DNA-sequencing was carried out on plasmid DNA
t MWG-Biotech (Ebersberg, Germany).

.2. Intron removal

Splicing by overlap extension (Horton et al., 1993) was used
o remove the intron from the gDNA in order to obtain the coding
egion for expression of Fra a 1 protein in Escherichia coli. The
eaction was carried out in one step using AccuPrime Pfx DNA
olymerase (Invitrogen, Carlsbad, USA) with pDONR201, con-
aining the genomic DNA sequence of Fra a 1, as template and
wo primers: Intron f GAA GAT CAC CTT TGG TGA AGG
AG CCA CTA CGG GTA CGT C and Intron r GAC GTA
CC GTA GTG GCT GCC TTC ACC AAA GGT GAT CTT
. The PCR program used was 95 ◦C for 2 min (1 cycle); then
5 ◦C for 15 s, 55 ◦C for 30 s, 68 ◦C for 4 min (35 cycles) and
nally 68 ◦C for 10 min (1 cycle). The product of the reaction
as expected to be a circular pDONR201 containing the coding

equence of Fra a 1. After the PCR-reaction the mixture was
reated with 1 U of DpnI enzyme in order to digest the template
lasmid and transformed into E. coli DH5� cells. The result-
ng colonies were checked for presence of the Fra a 1 coding
equence by colony PCR. To perform this a colony was picked,
uspended in 100 �l of H2O and boiled at 100 ◦C, 10 �l of this
uspension was used as template for PCR using NdeI Fraa1 f
nd BamHI Fraa1 r oligonucleotides as primers. The correct
NA sequence was confirmed by sequencing.

.3. Expression of recombinant Fra a 1
The first step in the expression vector construction was the
emoval of the intron. The splicing by overlap extension method
Horton et al., 1993) was used to get the coding sequence of
ra a 1. The reaction was performed in one step using the

d sequencing of the Bet v 1-homologous allergen Fra a 1 in straw-
ariability in amino acid sequence, Molecular Immunology (2006),
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DONR201 enclosing the genomic sequence of the allergen as a
emplate. The intron was spliced away giving a circular product
DONR201-rFraa1. The coding sequence was subcloned into
he pET-15b vector. Since the E. coli codon usage analysis with
he allergen coding sequence showed presence of three rare pro-
ine CCC and seven glycine GGA codons, E. coli Rosetta DE3
arbouring a plasmid encoding tRNAs for those codons was
hosen as an expression strain. In order to obtain the expres-
ion vector the gene was amplified with two primers introducing
NdeI site (NdeI Fraa1 f GGA ATT CCA TAT GGG TGT

TA CAC TTA TGA A) and an BamH I site (BamHI Fraa1 r
GC GGA TCC TTA GTT GTA TTC GCT GGG) at its 5′-
nd and 3′-end, respectively. NdeI and BamHI digestion of the
esulting amplification product and ligation into the likewise-
ut plasmid pET-15b (Novagen-EMD Biosciences, Darmstadt,
ermany) obtained a pET-15b-Fraa1 vector, which encodes for
(His)6-tag and a thrombin cleavage site, which was trans-

ormed into E. coli DH5-� cells. Positive clones were selected
y PCR screening and the Fra a 1 sequence was controlled by
equencing. After purification, the positive vectors were used
or transformation of E. coli Rosetta DE3 strain (Novagen-
MD Biosciences, Darmstadt, Germany). The 100 ml LB broth
upplemented with ampicilin (100 �g/ml) and chloramphenicol
50 �g/ml) was inoculated with a fresh overnight culture (the ini-
ial OD600 of 0.07) and grown at 37 ◦C, protein expression was
nduced at OD600 around 0.6–0.7 by addition of isopropyl-d-
hio-galactopyranoside (IPTG) to a final concentration of 1 mM.
fter 3 h of culture, the cells were harvested by centrifugation

3220 × g, 4 ◦C, 10 min). The cell pellet was washed once and
esuspended in 10 ml phosphate buffer (sodium phosphate buffer
00 mM, pH 7.5), incubated with lysozyme (100 �g/ml) at 37 ◦C
or 15 min and then sonicated to disrupt the cells. After centrifu-
ation (3220 × g, 4 ◦C, 25 min) the supernatant was stored in
20 ◦C.

.4. Electrophoresis and immunoblotting

E. coli cell extracts containing His-rFra a 1 (5 �l) were anal-
sed by SDS-PAGE on polyacrylamide gels (12%, BioRad,
ercules, USA). As reference to estimate the molecular mass of

he bands, the Precision Plus Protein Standards (BioRad, Her-
ules, USA) were used. Gels were stained for protein detection
ith Coomassie brilliant blue. Blotting transfer was performed
n to a PVDF membrane (Micron Separations Inc., Boston,
SA) by a semidry blotter according to (Bjerrum and Schafer
ielsen, 1986; Harndahl et al., 1998). As primary antibody rab-
it anti-Mal d 1 or rabbit anti-Bet v 1 antibody at 1:1000 dilution
as used. The secondary antibody was alkaline phosphatase-

onjugated goat anti-rabbit IgG antibody (BioRad) at 1:3000
ilution. The protein bands were visualized after reaction with
CIP and NBT (Pirce, Rockford, USA) based on phosphatase
ctivity in accordance with the manufacturer’s instructions.
mmunodetection based on IgE reaction was performed sim-

larly using patient serum at a 1:10 dilution as primary and
lkaline phosphatase-labelled murine monoclonal anti-human
gE antibody (DPC, Los Angeles, USA) at a 1:5000 dilution as
econdary antibody.
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.5. Mass spectrometry

The band representing the His-tagged rFra a 1 was excised
rom SDS-PAGE gel and subjected to in-gel-digestion and
eptide extraction (Hjernø et al., 2006). The dried peptides
ere redissolved in 0.1% TFA and the solution obtained was

reated with to convert lysines into homoarginines (no arginines
re present in the strawberry allergen). Ten microliter of the
xtracted peptides solution was diluted with 10 �l H2O, 10 �l
f ammonium hydroxide (30%, v/v) and 5 �l of guanidina-
ion reagent (50 mg of O-methylisourea hemisulfate dissolved
n 51 �l H2O) were subsequently added, each step followed by
ortexing. The sample was incubated at 60 ◦C for 12 min and the
eaction mixture was directly loaded on the C18 STAGE micro-
olumn (Rappsilber et al., 2003) – C18 Empore Disks (3 M,
inneapolis, USA) packed in a GELoader tip (Eppendorf Sci-

ntific, Westbury, USA) – for desalting and concentration, as
escribed previously (Gobom et al., 1999). Peptides were eluted
rom the microcolumn with 0.75 �l matrix solution (5 mg/ml �-
ydroxy cinnamic acid in 70% (v/v) CH3CN and 0.1% TFA)
irectly onto the MALDI target. Manual data acquisition was
erformed using an Applied Biosystems 4700 Proteomics Ana-
yzer with TOF/TOFTM optics (Applied Biosystems, Darmstadt,
ermany), in positive reflector mode. Laser intensity and num-
er of laser shots were varied depending on the peptide analyzed.
n the manual setup, an MS-spectrum was first recorded and ana-
yzed manually by a first round of peptide mass search. Peaks
ere selected for MS/MS analysis based on the obtained results.
S/MS spectra were included in the analysis and the total scores

eported.

.6. Recombinant allergens and antisera

Recombinantly expressed major allergens from birch and
pple, rBet v 1 and rMal d 1, respectively and polyclonal anti-Bet
1 and anti-Mal d 1 antisera were obtained for non-commercial
se from ALK-Abello, Hørsholm, Denmark.

. Results

.1. Cloning and sequencing of 30 Fra a 1 genomic DNA
equences from three different strawberry varieties

Preliminary sequence data for Fra a 1 were obtained by pep-
ide sequencing with mass spectrometry and matching data to
ucleotide and EST databases (Hjernø et al., 2006). At least two
ST-sequences (contig Fra and jb125) were found to match MS
ata representing the allergen, and another nucleotide sequence
GenBank accession no. AY679601) was discovered by a homol-
gy search. These nucleotide sequence data were used to design
he PCR primers for cloning of Fra a 1 gDNA from strawberry.
he primers were designed to be complementary to the up-
nd downstream regions of the Fra a 1 gene in the contig Fra

equence (Fig. 1), and also included flanking regions for the
ateway cloning system.
These primers were used for amplification of Fra a 1

equences from gDNA isolated from strawberry leaves, from

d sequencing of the Bet v 1-homologous allergen Fra a 1 in straw-
ariability in amino acid sequence, Molecular Immunology (2006),
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Fig. 1. Primer design based on sequence information obtained on the strawberry allergen Fra a 1 by mass spectrometric peptide sequencing and fitting data to
EST-sequences. The sequences used in primer design, shown on grey background in the Contig Fra sequence, were complementary to the up- and downstream
regions of the Fra a 1 gene. The nucleotides in the Contig Fra sequence, built from several EST-sequences, were confirmed in most positions by identity with
n inal)
i ed.
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ucleotides from two sequences from other sources, the jb125 sequence (N-term
n Hjernø et al. (2006). For the position G547T degenerate primers were design

he strawberry variety Korona, previously investigated by mass
pectrometry (Hjernø et al., 2006), and two other varieties. The
CR products were inserted into the donor vector pDONR201 by
BP recombination reaction of Gateway system. Thirty clones
ere sequenced giving 11 different DNA sequences. Only the

NA sequences which have been identified from at least two

lones or single sequences giving the same deduced amino acid
equence (like e1 and e2, Fig. 2) were considered as correct ones.
n this way eight DNA sequences with a length of 584, 591 or

a
i
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e

ig. 2. Multiple DNA sequence alignment of eight different sequences of the strawbe
equences, but only the DNA sequences that gave more than one identical sequence,
onsidered as correct ones, giving in total eight DNA sequences designated a1, a2, b
cid sequence. All sequences contained an intron (grey shaded). The frequency of the
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or the GenBank accession no. AY679601 sequence (C-terminal), as described

94 nt ware obtained (Fig. 2). The sequence identity among the
equences was high (>97%), and their distribution among the 30
olonies, obtained from three different strawberry varieties are
ummarized in Table 1. The deduced amino acid sequence repre-
ented by a1, a2, b1, b2 (=same amino acid sequence except V39I

nd V114I substitutions) was detected in 59% of the clones and
n all three varieties. The sequence designated “a”, submitted as
enBank accession no. GI:74197561, is UniProtKB/TrEMBL

ntry Q3T923.

rry allergen Fra a 1. In total 30 clones were sequenced giving 11 different DNA
in terms of either nucleotide sequence or deduced amino acid sequence, were

1, b2, c, d, e1 and e2, where, e.g. a1 and a2 represent the same deduced amino
different sequences is presented in Table 1.

d sequencing of the Bet v 1-homologous allergen Fra a 1 in straw-
ariability in amino acid sequence, Molecular Immunology (2006),
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Table 1
Frequency of the eight different DNA sequences observed by cloning and sequencing Fra a 1 from three strawberry varieties

Sequence
(see Fig. 2)

GenBank
accession number

Fragaria ananassa
variety Korona

Fragaria ananassa,
variety Honeoye

Fragaria ananassa
variety unknown

Intron
deletion

Gly112
deletion

Protein

a1 DQ385511, gi|88082484 5 – 1 + Fra a 1-A
a2 AM084674, GI:74197561 1 – 3 + Fra a 1-A
b1 AM236313, gi|90185677,

AM236314, gi|90185679
5 1 – Fra a 1-B

b2 AM236315, gi|90185681 – – 2 Fra a 1-B
c AM236317, gi|90185685,

AM236318, gi|90185687
2 3 – + Fra a 1-C

d AM236316, gi|90185683 – – 2 Fra a 1-D
e1 AM236319, gi|90185689 1 – – Fra a 1-E
e2 AM236320, gi|90185691 1 – – Fra a 1-E

Cloning and sequencing of 30 colonies gave eight DNA sequences designated a1, a2, b1, b2, c, d, e1 and e2 as outlined in Fig. 2, and with the sequence distribution
among the colonies (15 colonies from variety Korona, 12 colonies from the other two varieties) summarized below. In addition three sequences f, g, h were detected
but only once, and therefore not submitted to database. The deduced amino acid sequence represented by a1, a2, b1, b2 (the same amino acid sequence except
s ee va
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ubstitutions at V39I and V114I) was detected in 59% of the clones and in all thr
ppearing as UniProtKB/TrEMBL entry Q3T923. Here described cloned and se
ntries Q3T923, Q256S7, Q256S6, Q256S2, and Q256S4.

.2. Presence of intron

There was one intron (101 or 111 nt) present in all sequences.
he length of the intron was deduced according to the literature
ata considering the splicing sites for plant genes (Goodall and
ilipowicz, 1991) and confirmed using the Fra a 1 amino acid
equences obtained by mass spectrometry (Hjernø et al., 2006).
f investigated 30 clones, 10 possessed a nucleotide-deletion in

he intron. The sequence variant with this deletion of 10 nt in the
ntron was detected in two of the three varieties.
.3. Comparison of data from DNA sequencing and protein
ass spectrometry

In the exon regions, variability was detected in seven posi-
ions in the deduced amino acid sequence (position 3, 39, 78,

D
t
s

ig. 3. Multiple amino acid sequence alignment of the five isoforms of the strawber
1 and e2 described in Fig. 2 gave five different variants of deduced amino acids des
=same amino acid sequence except a V39L substitution) was detected in 59% of the
a” has been submitted as GenBank accession nos. AM084674; GI:74197561, appea
artial sequence). The here described cloned and sequenced five isoform amino acid
256S6, Q256S2, Q256S4. Between these five isoforms, seven amino acid positions
etected by mass spectrometry, and in three of the positions (grey shaded), both the a

Please cite this article as: Anna Musidlowska-Persson et al., Cloning an
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doi:10.1016/j.molimm.2006.06.004
rieties. The sequence represented the deduced amino acid sequence Fra a 1-A is
ed five isoform amino acid sequences (A–E) appear as UniProtKB/Swiss-Prot

5, 112, 114, 142), indicating the existence of at least five iso-
orms of the Fra a 1 protein (Fig. 3), amino acid sequences (A–E)
ppearing as UniProtKB/Swiss-Prot entries Q3T923, Q256S7,
256S6, Q256S2, Q256S4. In three of these seven positions,
oth the alternatively suggested amino acids have been detected
y mass spectrometry (G/−112, V/I114 and S/A142), and in the
ther four positions V/G3, V/I39, E/V78 and D/E95, one of the
mino acids were detected by mass spectrometry (V3, V39, V78,
95) (Hjernø et al., 2006). Only in one position, position 24,
ass spectrometry detected two alternative amino acids, Val 24

nd Leu24, whereas the cloned sequences only suggested Leu24.

The two different approaches, sequencing of Fra a 1 genomic

NA and mass spectrometry of the Fra a 1 protein, thus essen-
ially confirm each other concerning that few positions were
howing variability in the Fra a 1 amino acid sequence.

ry allergen Fra a 1. The eight DNA sequences designated a1, a2, b1, b2, c, d,
ignated a–e. The deduced amino acid a sequence represented by a1, a2, b1, b2
clones, and in all three varieties as shown in Table 1. The sequence designated
ring as UniProtKB/TrEMBL entry Q3T923 (previous entry Q5ULZ4 is only a
sequences (A–E) appear as UniProtKB/Swiss-Prot entries Q3T923, Q256S7,
showed variability. In all these positions, at least one of the amino acids was

mino acid alternatives were detected. Arrowhead shows location of the intron.

d sequencing of the Bet v 1-homologous allergen Fra a 1 in straw-
ariability in amino acid sequence, Molecular Immunology (2006),
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Fig. 4. Recombinant expression of the strawberry allergen Fra a 1. After removal
of the intron, the most common isoform (sequence a in Fig. 3) was expressed
in E. coli. SDS-PAGE (CBB-stained) shows proteins detected in 5 �l of the
bacterial extract from cells transformed (a) and not transformed (b) with the
p
t
c

3

“
o
s
Q
i
o
l
a
l
i
l

Fig. 5. MALDI-TOF mass spectrum of tryptic digest obtained from recombi-
nantly expressed strawberry allergen Fra a 1. To confirm the identity of the
recombinantly expressed r Fra a 1 samples were excised from the SDS-PAGE in
Fig. 4. (A) MALDI mass spectrum obtained after derivatization of the peptides
with O-methylisourea for conversion of C-terminal lysines into homoarginines
(�42 Da). Five abundant peptides derived from the r Fra a 1 are marked by encir-
cled peptide mass value. (B) Sequence of r Fra a1 including the added His-tag
and thrombin cleavage site (grey letters), with peptides detected by MALDI-MS
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b
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ET-15b-rFraa1 vector; Mr, molecular weight standard. The identity of the His-
agged recombinantly expressed Fra a 1 protein (band marked His-rFra a 1) was
onfirmed by MALDI mass spectrometry as described in Fig. 5.

.4. Recombinant expression of Fra a 1

As seen in Fig. 2 and Table 1, the isoform that dominates is
a” (33% of the clones, b in 26%, c in 16%, d and e, each in 6%
f the clones). The sequence designated “a” (GenBank acces-
ion no. AM084674; GI:74197561, UniProtKB/TrEMBL entry
3T923) was used for construction of the expression vector

n order to produce recombinant Fra a 1 protein after removal
f the intron. The soluble fraction of the E. coli extract ana-
yzed by SDS-PAGE showed two strong, inducible protein bands

round 20–25 kDa, where the recombinant protein with calcu-
ated molecular weight, 19.947 kDa, was expected (Fig. 4). To
dentify the rFra a 1, samples were excised for MS analysis. The
ower band of the two inducible bands contained the recom-

f
r
p
m

ig. 6. Immunoblotting of recombinantly expressed strawberry allergen Fra a 1. (A)
nd polyclonal antisera against the apple and birch pollen homologues Mal d 1 and B
or anti-Bet v 1, of recombinantly expressed Fra a 1 (His-rFra a 1, 5 �l/lane of the E

rotein extract from strawberry var. Korona) and recombinantly expressed and purifie
olecular mass indicators to the left are estimated from the location of two of the ba

mage. (B) Immunodetection of native Fra a 1 and recombinantly expressed strawber
rimary antibody either a pool of sera from 15 patients allergic to apple (Ap) or seru
l., 2004) and as secondary antibody goat anti-human IgE. The recombinantly expres
ative protein (nFra a 1; 50 �g/lane of total protein extract from strawberry var. Koro
; 0.3 �g/lane). Arrowheads high-light locations of the bands corresponding to rMal

Please cite this article as: Anna Musidlowska-Persson et al., Cloning an
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nderlined. The peptides aa 22–33 AFVLDADNLIPK, aa 57–69 ITFGEGSHY-
YVK and aa 147–153 LIEGYLK were also confirmed by MS/MS (data not

hown).

inant Fra a 1 allergen, as shown with 52% sequence coverage
nd 10 recognized peaks (Fig. 5), of which three were confirmed
y MS/MS. The upper band of the two inducible bands proved
o be the chloramphenicol acetyltransgerase, which confers the
ntibiotic resistance (data not shown).

To explore the cross-reactivity of Fra a 1 with antisera against
pple and birch pollen homologues, immunoblotting was per-

ormed, showing that the recombinantly expressed Fra a 1 was
eadily detected with both these antisera (Fig. 6A). The native
rotein, nFra a 1, in a protein extract from strawberry (expected
ass 17.8 kDa) showed a characteristic doublet band (Karlsson

Cross-reactivity between recombinantly expressed strawberry allergen Fra a 1
et v 1: immunoblotting, utilizing as primary antibody either rabbit anti-Mal d
. coli cell extract) compared to the native protein (nFra a 1, 50 �g/lane of total
d apple and birch pollen homologues (rMal d 1 and rBet v 1; each 0.3 �g/lane).
nds in BioRad Precision Plus Standard proteins (20, 15 kDa) not visible in this
ry allergen Fra a 1 by human IgE in patient sera: immunoblotting, utilizing as
m from one patient allergic to strawberries (Str, patient number 2; Karlsson et
sed Fra a 1 (His-rFra a 1; 5 �l/lane of the E. coli cell extract) is compared to the
na) and recombinantly expressed and purified apple pollen homologue (rMal d
d 1, nFra a 1 (doublet) and His-rFra a 1.
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t al., 2004). The explanation to the doublet appearance is yet not
lear but it is described also for the Pyr c 1-homologue (major
ear allergen, Karamloo et al., 2001) and is presumed to be some
onformer phenomenon. The His-rFra a 1 band is located just
bove the 20 kDa marker, at a higher mass than the nFra a 1-
oublet, which should be expected due to the mass increase of
he attached tag. After thrombin cleavage to remove the tag, rFra
1 runs as an 18 kDa protein, corresponding to the calculated
ass of 18054.16 Da (data not shown). The reaction with anti-
al d 1 is stronger then with anti-Bet v 1, probably due to the

arger sequence similarity between Fra a 1 and Mal d 1 (77%)
ompared to Bet v 1 (55%).

To ensure that the recombinant Fra a 1 protein also reacted
ith human IgE, immunoblotting was performed with anti-
uman IgE as secondary antibody, utilizing as primary antibody
ither a serum from an individual with strawberry allergy (patient
umber 2 (Karlsson et al., 2004)), or a serum pool from 15 differ-
nt individuals with apple-allergy (Fig. 6B). With both, a positive
eaction occurred with rMal d 1, with nFra a 1 in strawberry pro-
ein extract and with His-rFra a 1 in E. coli extract, confirming
hat human IgE reacts with the recombinantly expressed Fra a
-protein. It is not clear whether it is significant that the rMal
1 is detected at the position of the lower band in the nFra
1 doublet, nor why the pooled sera from patients with apple

llergy recognized the lower nFra a 1 band better than the serum
rom the strawberry-allergic patient, which mainly recognized
he upper nFra a 1 band.

. Discussion

By PCR based cloning and sequencing, combined with anal-
sis by protein mass spectrometry, we have shown that there
ppears to be relatively little sequence variability in the straw-
erry allergen Fra a 1. Sequence information from 30 genomic
lones suggested only five different isoforms of Fra a 1, all shar-
ng a high degree of sequence similarity (sequences b, c, d and

showed 98.8, 98.8, 98.1, and 97.5% sequence identity with
equence a). All sequences contained the intron position at codon
2 which is well-conserved among Bet v1-homologous proteins
Hoffmann-Sommergruber et al., 1997).

Three different varieties of strawberries were used for cloning
nd sequencing. Small, differences in the frequency of distri-
ution of the sequence variants a–e were observed among the
olonies derived from the three strawberry varieties (Table 1).
et, the >97% sequence identity among a–e and the consen-
us amino acid sequence (Q3T923 in UniProtKB/TrEMBL),
f accounting for V–L substitutions at positions 39 and 114,
etected in all three varieties gives the overall impression that
here is relatively little variability in the amino acid sequence of
he strawberry allergen Fra a 1, not only within but also between
trawberry varieties. If different varieties of strawberry have
imilar, rather than different, setups of allergen isoforms as sug-
ested by the here presented data, screening for hypoallergenic

trawberry varieties could be limited to assessment of amount
f Fra a 1-allergen rather than Fra a 1 isoform differences.

The sequence variability among the Fra a 1 sequences in
trawberry appears surprisingly small compared to the recent

l
c
t
d

Please cite this article as: Anna Musidlowska-Persson et al., Cloning an
berry (Fragaria ananassa) shows the presence of an intron and little v
doi:10.1016/j.molimm.2006.06.004
r Immunology xxx (2006) xxx–xxx 7

nvestigation of apple with genomic cloning and linkage map-
ing (Gao et al., 2005), where also several intronless sequences
ere recovered and a much lower degree of sequence identity
as observed among the cloned sequences (60–70%). Yet there

s a larger possible allelic variation in an octaploid species like
trawberry with 16 alleles, compared to the diploid apple, and
ore varieties of strawberry (three) were investigated here, com-

ared to only two apple varieties. Nevertheless, data obtained
eem to indicate that there is less amino acid sequence variabil-
ty in the Bet v 1-homologous allergen in strawberry, Fra a 1,
ompared to the Bet v 1-homologous allergen in apple, Mal d 1.
owever, maybe not all Mal d 1 sequences detected by cloning

re expressed as proteins. It is known that intron-containing
embers show sequence similarity with Bet v 1 isoforms con-

titutively expressed in mature birch pollen, whereas intron-less
equences show sequence similarity with pathogen-inducible
et v 1-like proteins (Swoboda et al., 1995a,b). Alternatively,

trawberry Fra a 1 is indeed less heterogeneous than apple Mal
1. Strawberry as a species, created by Duchesne around 1764,
as existed only for a few 100 years, and cultivated strawberry
aybe is not very outbred since it is often multiplied by cloning

ather than crossing.
Could a larger sequence variability in Fra a 1 have been

etected if more degenerate primers had been used? We tested
ne other entirely different primer pair (complementary to
egions inside the Fra a 1 sequence, instead of up- and down-
tream regions) that also did not yield more than a single PCR-
roduct and hence no sign of any intronless Fra a 1 sequence
data not shown), but except this we essentially used only one
air of primers for all cloning (with degenerate primers only
o cover the position G547T in Fig. 1). However, both the
pproaches used here to investigate Fra a 1, DNA cloning and
ass spectrometry of expressed proteins, mutually confirmed

ach other in a way that seems to exclude the possibility the
mino acid sequence variability of Fra a 1 has been largely under-
stimated. Seven positions of variability in the deduced amino
cid sequence were suggested from cloning. All these seven
ositions were confirmed by mass spectrometry, and for three of
he positions, both the variable amino acids were indeed detected
n the expressed protein by mass spectrometry. Mass spectrom-
try detected only one more position of variability (both Val
nd Leu detected at position 24; Hjernø et al. (2006), which was
missed” by the cloning procedure (which detected only Leu24)
ith the presently used pair of primers.
Isoforms of proteins, appearing as distinct spots in 2DE, may

e due to allelic variation causing amino acid sequence vari-
bility, or to post-translational modifications. The importance
f protein post-translational modification (PTM) is becoming
ncreasingly recognized with the possibility to detect and quan-
ify PTMs by mass spectrometry (Jensen, 2004; Larsen and
oepstorff, 2000; Mann and Jensen, 2003). PTMs can affect
rotein activity, localization, half-life, interaction with other
acromolecules, etc. such that differences between any two cel-
ular states can be manifested by changes in PTMs rather than
hanges in protein expression. Since there appears to be so lit-
le variability in the Fra a 1 amino acid sequence, the isoforms
etected in 2DE are likely to be due to post-translational modi-

d sequencing of the Bet v 1-homologous allergen Fra a 1 in straw-
ariability in amino acid sequence, Molecular Immunology (2006),
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cations. One possibility is that the different spots can represent
ifferently phosphorylated forms, since there are several poten-
ial phosphorylation sites in the Fra a 1 sequence, as predicted
y the NetPhos2.0 server (Blom et al., 1999). In order to further
nvestigate if post-translational modifications can explain the
ppearance of the Fra a 1 allergen as four distinct spots in 2DE
e will use the recombinantly expressed Fra a 1 to isolate Fra
1-specific Ig G from polyclonal antiserum, and subsequently

chieve affinity enrichment of nFra a 1 from strawberry. It is
ikely that it will be possible to find hypoallergenic strawberries
y determining differences in Fra a 1, in terms of quantity and
TMs, from different varieties and growth conditions.
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